Glass transition and crystallization kinetics of a barium borosilicate glass by a non-isothermal method
I. INTRODUCTION
Borosilicate glasses, due to their chemical stability, low softening temperature, low dielectric constant, and high electrical resistance, are of great interest for diversified technological applications in electronic industries, such as display panels, low-temperature co-fired ceramics, and packaging. [1] [2] [3] [4] [5] [6] At present, the selection of borosilicate glasses with low sintering temperature has been expanding to meet stringent requirements and to reduce manufacturing costs. In order to obtain glasses with low sintering temperatures, some alkali or bivalent metal oxides must be added. 2, 3, 7, 8 PbO containing glass systems, due to their low glass transition temperature, high structural stability, and good electrical and thermal characteristics, were considered as high efficiency candidates for low sintering temperature processes. However, due to several environmental concerns, recent regulations have restricted the use of PbO. 2, 9 BaO has been employed as a candidate material for PbO replacement, particularly in the ternary system PbO-B 2 O 3 -SiO 2 . [2] [3] [4] [5] 9 In a recent work of some of the authors, lead-free borosilicate glasses based on the quaternary BaO-ZnO-B 2 O 3 -SiO 2 system have been investigated regarding their sintering and crystallization behaviour. 8 PbO containing glasses do not crystallize easily, but the addition of other glass modifiers can result in the crystallization of the glasses during the sintering process. 2, 8, 10 Therefore, in order to optimize the processing parameters, it is important to understand the crystallization kinetics and mechanisms of nucleation and growth.
Although in recent years there has been a significant effort in developing barium borosilicate based glasses and glassceramics for a wide range of technological applications, 1, 2, [10] [11] [12] [13] a reduced amount of work has been devoted to investigate the crystallization kinetics of such glasses and almost exclusively to study sealant glassy materials that contain extra modifier oxides (e.g., ZnO, MgO, CaO). 11, 12, [14] [15] [16] The structure of barium borosilicate glasses has been investigated by some authors using different techniques such as magic angle spinning nuclear magnetic resonance (MAS NMR), Raman and Fouriertransform infrared (FTIR) spectroscopy. 1, 13, [17] [18] [19] [20] These studies have shown the existence of structural units like trigonally coordinated boron (BO 3 ), tetrahedrally coordinated boron (BO 4 ), and silicon structural units having different number of bridging oxygen atoms. 1, 13, 17 The addition of BaO to borosilicate glasses results in the conversion of BO 3 to BO 4 structural units, 1, 13, 17 and the fraction of non-bridging oxygen atoms increases with the amount of BaO 1, 13, 17, 18 The increase in the fraction of non-bridging oxygen atoms leads to a more opened structure and consequently lowers the glass transition temperature. 1, 2 The decrease in the glass crystallization temperature is also believed to be caused by the breakdown of the glass network structures. 1, 2 Studies of the glass transition and of crystallization kinetics in amorphous materials can be interpreted in terms of several proposed theoretical models and equations. Differential scanning calorimetry (DSC) is a very useful tool to investigate the glass transition and the crystallization kinetics of glassy materials, allowing the possibility of obtaining data with isothermal and non-isothermal methods. 11, 12, [14] [15] [16] [21] [22] [23] [24] From the dependence of the glass a)
Electronic mail: rcm@fct.unl.pt 0021-8979/2014/115(4)/043516/9/$30.00 V C 2014 AIP Publishing LLC 115, 043516-1 transition temperature (T g ) on the heating rate, the activation energy associated with the glass transition (E g ) has been calculated. 25, 26 From the dependence of the peak temperature for crystallization (T p ) on the heating rate, the most important kinetic parameters for crystallization have been calculated, the activation energy for crystallization (E c ) and the Avrami exponent (n) that depends on the mechanism and dimensionality of the crystal growth. 11, 12, [14] [15] [16] [21] [22] [23] [24] The activation energy associated with the glass transition can be determined using Kissinger 25 and Moynihan   26 methods. The crystallization kinetics can be investigated using the formal theory of transformation kinetics proposed by Johnson and Mehl 27 and Avrami, [28] [29] [30] (JMA model) that is valid only under isothermal conditions. The nonisothermal method is more simple and quicker than the isothermal method. 21, 22, 24 Experimental results obtained from non-isothermal thermoanalytical studies have been used to determine the crystallization parameters according to different methods. 31 To interpret the non-isothermal data, the approaches developed by the various models assume that the variation of the peak crystallization temperature is directly related to the heating rate employed in the experiment. [31] [32] [33] [34] [35] In view of the above-mentioned perspective, the glass transition and crystallization kinetics of a barium borosilicate glass with a molar composition 60BaO-30B 2 O 3 -10SiO 2 were investigated by DSC under non-isothermal conditions using different methods. This ternary glass composition was investigated regarding its potential interest for application as a Pb-free low temperature sinterable glass and because, according to previous work, 8 it crystallizes easily during sintering. The crystalline phases were identified by X-ray diffraction (XRD) and the microstructure of the crystallized glasses was investigated by scanning electron microscopy (SEM). The nucleation and growth of crystalline phases in the glass matrix is described and analysed.
II. EXPERIMENTAL PROCEDURE
The 60BaO-30B 2 O 3 -10SiO 2 glass was prepared by the conventional melt-quenching route. The starting materials were BaCO 3 (BDH), H 3 BO 3 (Merck), and SiO 2 (BDH) powders, all of them with a purity higher than 99%. The proper amount of each material was weighed and mixed for 30 min in a teflon jar, using a laboratory powder mixer (turbula WAB, T2F). Then, the mixture was melted in platinum crucible in an electric furnace at 1723 K for 2 h in air. Finally, the molten glass was quenched into cold distilled water to avoid crystallization and to form a glass frit.
Glass powders were obtained by milling the glass frit ($20 g) with absolute ethanol for 2 h using an agate ball mill (Fritsch, Pulverizette), with a 80 ml capacity container and 3 balls of ø 20 mm and 5 balls of ø 10 mm, weight ratio of sample/balls ¼ 0.5, rotating at constant speed of 600 rpm. After drying, the powder by was sieved to obtain a glass powder fraction with a particle size smaller than 65 lm that was used in all experiments.
The DSC tests were carried out using 50 mg glass powder samples heated in alumina crucible in static air (Linseis STA PT1600) from room temperature to 700 K at different heating rates (b ¼ 5, 10, 15, and 20 K/min). Measured DSC data were corrected by subtracting a blank measurement made without sample under the same conditions, and automatic baseline correction was performed with the software package delivered with the thermal analysis equipment. The glass transition temperature (T g ), the onset temperature of crystallization (T c ), and the peak crystallization temperature (T p ) for the investigated glass were determined from the DSC data by using the microprocessor of the thermal analyzer, the measurement error being assumed as 1%.
The glass powders were uniaxial pressed using a compressive stress of $75 MPa and the resulting compacts (%3 mm height, 13 mm diameter) were heat treated in an electric tubular furnace from room temperature up to a selected temperature suggested by the DSC results. The samples were held during 60 min at that temperature and then were left to cool inside the furnace.
The amorphous nature of the glass powder and the crystalline phases present in heat-treated glass samples were identified by XRD analysis (DMAX-IIIC diffractometerRigaku Industrial Corporation), using CuKa radiation (40 kV, 30 mA), 2h angle range 10 -60 , a scanning rate of 2 min À1 and a sampling interval of 0.01 (2h). The phases were identified by comparing the experimental X-ray patterns to standards complied by the International Centre for Diffraction Data (ICDD).
Microstructural observations of the sintered glass samples were performed by SEM (ZEISS, DSM 960). SEM observations were carried out in polished surfaces (mirror finishing) and some of them were etched by immersion in 2 vol. % HF solution for 2 s. Au/Pd surface coating was used to avoid electric charging.
III. RESULTS AND DISCUSSION

A. Structural and thermal studies
Melting at 1723 K for 2 h was adequate to obtain glass as the XRD pattern of the as-quenched glass (Figure 1 The as-quenched glass appeared slightly opalescent and this is likely due to phase separation as it appeared that two distinct amorphous structures coexisted as revealed by the double hump in the XRD pattern. According to some structural models of alkali borosilicate glasses reported in literature, 36 the glass is composed of two micro-phase separated borate and silicate networks, in which the sharing of the modifier between the two networks depends on the relative amounts of borate structural units. 20, 36 Figure 2 shows the DSC curves for the glass powder obtained at various heating rates. The change with the heating rate of T g (corresponding to a shift on the base line), of T c and of T p1 and T p2 (these ones corresponding to the first and second exothermic peaks observed in every curve) is presented in Table I .
It is observed that the characteristic temperatures of the glass (T g , T c , and T p ) increase with the increase in the heating rate and that the thermal stability, (temperature gap DT ¼ T c À T g ), which corresponds to the interval in which structural rearrangements are allowed without the occurrence of crystallization, decreases from 78 to 55 K when the heating rate increases from 5 to 20 K/min. The difference between T P1 and T g is low (79-95 K), meaning that it is a rapid crystallizing glass. 15, 17 Figure 3 shows a magnification of the crystallization exotherms for the DSC curve obtained at a heating rate (b) of 10 K/min and the separation of the two overlapping crystallization peaks is illustrated. The software used for exotherm peak fitting was OriginPro 8. Modeling of the experimental DSC curve was carried out using two partially overlapping Gaussian curves.
The XRD patterns of glass samples heat treated at two different temperatures are also shown in Figure 1 . With the increase in the heat treatment temperature, a higher intensity of the diffraction peaks and a better development of the crystals are revealed. XRD results shown in Figure 1 indicate that, in a glass samples heat-treated at T ¼ 773 K (T c < T < T p1 , for b ¼ 5 K/min), the diffraction peaks correspond to a crystalline phase identified as barium borate (b-BaB 2 O 4 , JCPDS File 38-0722), while in samples heated at T ¼ 833 K (T p1 < T < T p2 , for b ¼ 5 K/min) an additional crystalline phase is also identified, barium silicate (Ba 5 Si 8 O 21 , JCPDS File 35-0766). These results indicate that the formation of the two crystalline phases can be ascribed to the two overlapping crystallization peaks in the DSC curves. The formation of these two crystalline phases, barium borate (b-BaB 2 O 4 ) and barium silicate (Ba 5 Si 8 O 21 ) can be correlated with the structural features of the 60BaO-30B 2 O 3 -10SiO 2 glass, consisting of various main constructional units, borate structural units and silicate structural units. According to literature, 1,13,18 structural analysis carried out for barium borosilicate glasses showed that increasing of BaO content results in the conversion of boroxyl groups (BO 3 ) into groups containing BO 4 units and that the silicate glass network becomes more depolymerized with the increase on the concentration of non-bridging oxygen atoms.
B. Glass transition analysis
The dependence of the glass transition temperature (T g ) on the heating rate (b) can be approached by several equations. In previous works, 37, 38 where glasses based on different composition were investigated, it has been described using the empirical relationship suggested by Lasocka, 37 which is expressed as 
where A g and B g are constants for a given glass composition. The value for A g represents the glass transition temperature at a heating rate of 1 K/min. The value for the constant B g has been related to the method of quenching the glass, 37 the lower the cooling rate of the melt, the lower the B g value. [37] [38] [39] [40] The plot of T g versus log (b) and a straight regression line fitted to the DSC experimental data are shown in Figure 4 . The inset in Figure 4 shows an upward shift in T g with increasing heating rate, and the change of T g with b is also presented in Table I . For the current glass, the values determined for A g and B g are 684.3 K and 50.8 K, respectively, and so the empirical formula can be written in the form
A second approach regarding the dependence of the glass transition temperature on the heating rate is based on Kissinger's method, 25 which considers the following relationship:
where R is the universal gas constant and E g is the activation energy associated with the glass transition. 40 Although XRD results for the as-quenched glass indicated two distinct amorphous structures, only a single T g was identified in the DTA curves (see Figure 1 and inset in Figure 4 ) and therefore it was considered appropriate to apply Eq. (3) for the determination of E g . Despite the fact that such expression has been originally deduced for the crystallization kinetics, it has often been used to calculate the activation energy for the glass transition that involves the molecular motion and rearrangement of atoms around the glass transition temperature. 39 According to Eq. (3), a plot of ln (T g 2 /b) versus 1/T g should be a straight line, and from its slope the value of E g can be determined. A plot of ln (T g 2 /b) versus 1000/T g for the studied glass is shown in Figure 5 , displaying the linearity of the used equation. From the slope of the straight line, the value of E g was calculated, and it is equal to190 kJ/mol.
Another approach to determine the value of E g is based on a simplified form of Eq. (3), since it has been assumed that the variation of ln(1/T p 2 ) with ln b is much slower than that of ln(1/T p ) with ln b, resulting in the following relationship:
The plot of ln(b) versus 1/T g is also presented in Figure 5 . In this case, the value obtained for E g is equal to 202 kJ/mol, which is in good agreement with that obtained by the Kissinger equation. From the above two values, the activation energy of glass transition is around 196 kJ/mol.
C. Crystallization kinetics
The crystallization process was evaluated using different non-isothermal methods, employing the DSC results obtained at different heating rates, and the kinetic parameters (activation energy for crystallization, E c , and Avrami exponent, n) for the first and the second crystallization peaks were determined. Kissinger method, 25 beyond its use in the determination of the activation energy for glass transition, is widely used to determine the activation energy for crystallization (E c ) considering the heating rate (b) dependence of the peak crystallization temperature (T p ). The value of E c can be determined from the slope of a plot of ln (T p 2 /b) vs 1/T p according to the following equation: 35, 42 ln
where R is the universal gas constant. A linear plot indicates the validity of the Kissinger method. The value of activation energy for crystallization (E c ) can be calculated using a simplified form of Kissinger equation that, as mentioned before, has been proposed by some authors assuming that the variation of ln(1/T p 2 ) with lnb is is much slower than that of ln(1/T p ) with lnb: 
The plot of ln(b) vs 1/T p should be a straight line whose slope also yields the value of E c . Figure 6 shows the plots of ln (T p 2 /b) and of lnb versus 1000/T p . The E c values determined according to Eqs. (5) and (6) for the first and second exothermic peaks are shown in Table II . The values are close to each other indicating that it is possible to use either of the two approaches.
From Table II , it is observed that E c increases for the second peak, suggesting that the energy barrier for the glasscrystallization transformation for the second peak is higher than that for the first peak. That is, E c value for the peak corresponding to the crystallization of barium borate (bBaB 2 O 4 ) is lower than E c value for the peak corresponding to the crystallization of barium silicate (Ba 5 Si 8 O 21 ). These results indicate that the formation of the barium borate crystalline phase needs lower activation energy as it is generated in a loose borate-rich glass network structure, while the barium silicate crystalline phase has to be formed in a more interlocked silicate glass network structure.
To study the nature of the crystallization process, the fraction of crystallization (v) was determined. The area under a DSC crystallization peak, obtained at a constant heating rate, is directly proportional to the volume fraction of crystallites (v) precipitated in the glass. 11, 22, 39, 44, 45 From the DSC curve, the fraction of crystallization at any temperature T can be determined by the ratio A T /A, where A is the total area of the crystallization peak between the temperature T i (where crystallization just begins) and the temperature T f (where the crystallization is completed) and A T is the area between T i and T, as shown schematically in Figure 7 . For both exothermic peaks, the variation of the crystallization fraction (v) as a function of temperature (T) is shown in Figure 8 . The curves display a classical sigmoid shape for the different heating rates, indicating that the formation of the crystalline phase proceeds by a combination of nucleation and growth processes. 42 The ratio between the ordinates of the DSC curve and the total area of the exothermal peak gives the corresponding crystallization rates, 11, 44 which make it possible to build the curves of the exothermal peaks represented in Figures 9(a) and 9(b) . The maxima of the crystallization rate (dv/dt) values, (dv/dt) T p , increase with the increase in the heating rate, which agrees with what has been widely reported in the literature. 11, 42, 44 For both exothermic peaks, taking into account the experimental value of (dv/dt) Tp at each heating rate, the value of the Avrami exponent (n) can be calculated from the following equation:
For both peaks, the mean value of hni is very close to 2. For the first exothermic peak, corresponding to the crystallization of barium borate (b-BaB 2 O 4 ), the values determined for n are in the range 1.7-2.4, and for the second exothermic 
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peak, corresponding to the crystallization of barium silicate (Ba 5 Si 8 O 21 ), n values are in the range 1.5-2.1. The value of the kinetic exponent (n % 2) for this ternary glass (60BaO-30B 2 O 3 -10SiO 2 ) is consistent with a crystallization mechanism with one dimensional growth. 46 In a non-isothermal crystallization process, the volume fraction of crystallites (v) precipitated at a given temperature (T) in a glass heated at constant rate (b) can be related to the activation energy for crystallization (E c ) and to the Avrami exponent (n) through the following expression suggested by Matusita et al.:
From this equation, a plot of ln[Àln(1 À v)] versus 1000/T for each heating rate is expected to be a straight line with a slope of 1.052(n À 1)(E c /R). It is verified that, for the various heating rates, the plots are non-linear over the entire temperature range, as shown in Figure 10 . This suggests that there is a variation in E c and n during the crystallization process of glass. [48] [49] [50] In fact, some authors have shown that n and E c values are not necessarily constant but vary during the transformation, both in isothermal 49 and in non-isothermal methods. 39, 50 The activation energy for different crystallization volume fractions is not constant in the whole transformation due to the change of nucleation and growth behaviors during the crystallization process. 50 The variation of the activation energy E c and of the Avrami exponent n can be expressed by the local activation energy E c (v) and the local Avrami exponent n(v).
48,51,52
The local activation energy E c (v), representing the activation energy for crystallization when the crystallized volume fraction is v, can be determined from non-isothermal DSC results, using the method proposed by Ozawa, according to the following expression:
where R is the gas constant and T and b are the temperature and the heating rate corresponding to the value of v, respectively. Taking into account the experimental data presented in Figure 8 , the plots of ln (b) versus 1000/T at various values of v (0.1 < v < 0.9) were obtained ( Figure 11 ) and from the slopes the local activation energy, E c (v) values were calculated. Figure 12 illustrates the change of E c (v) with the crystallized volume fraction (v) for the two crystallization peaks. It is seen that for the first exothermic peak, corresponding to the 
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formation of barium borate (b-BaB 2 O 4 ), the local activation energy for crystallization varies slowly along the crystallization process, at the initial stage of the crystallization process (v ¼ 0.1) the value of E c (v) is $554 kJ/mol and then it decreases slowly until $458 kJ/mol for v ¼ 0.9. For the second exothermic peak, associated to the crystallization of barium silicate (Ba 5 Si 8 O 21 ), the value of E c (v) is higher during the initiation of the crystallization process ($1104 kJ/mol) and then it decreases continuously till $831 kJ/mol for v ¼ 0.9. The mean E c (v) values for the first and second exothermic peaks ($506 and $968 kJ/mol, respectively) are of the same magnitude as the mean values of E c1 and E c2 ($588 and $911 kJ/mol, respectively) calculated from the values quoted in Table II and obtained From the prior knowledge of the local activation energy for a non-isothermal crystallization process, E c (v), it is possible to determine the local Avrami exponent, n(v), using the following equation: 39, 48 
Taking into account the local activation energy, E c (v), the n(v) values at a heating rate of 10 K/min were calculated using Eq. (10) . The change of the local Avrami exponent, n(v), with the fraction of crystallization (v) for the two exothermic peaks is also presented in Figure 12 . For both peaks, the mean value of n(v) is very close to 2. This is in agreement with the mean value of hni for both crystallization peaks calculated from Eq. (7), being indicative of a crystallization mechanism with a one-dimensional growth. 46, 55 To confirm the above statement, the microstructure of thermally annealed samples was examined by a detailed SEM analysis. The micrographs of samples sintered for 1 h at 773 K and at 833 K are depicted in Figure 13 . Both micrographs presented in Figures 13(a) and 13(b) correspond to a glass sample that has been heat-treated at 773 K, but with SEM observation carried out in a non-etched and etched polished surface, respectively. The microstructure presented in Figure 13 (a) exhibits a large number of zones with a smooth surface, which is a typical feature of glass, and the presence of submicron sized crystallites with acicular shape within the glass is well evidenced after chemical etching of the polished surface, Figure 13(b) . The microstructure presented in Figure 13 (c), corresponding to a glass sample that has been sintered at a higher temperature (833 K), reveals much less residual glass areas comparatively to that shown in Figure  13 (b) with the same magnification, and it shows a fully crystallized material with some crystallites of acicular shape, but most of the crystallites have a more regular morphology.
The uni-dimensional crystallization growth mechanism observed in some glass compositions based on the system BaO-SiO 2 -B 2 O 3 , containing additions of other oxides (e.g., MgO, Al 2 O 3 ) has been reported. 15, 16, 56 The microstructural observation of such glasses after treatment at higher temperature and longer time than in the present study (1083 K, 1-10 h) revealed barium silicate (Ba 5 Si 8 O 21 ) crystals having a rhombic shape. 15 Also, crystals of elongated shape have been observed in barium-magnesium silicates with B 2 O 3 additions used as glass-ceramic sealant compositions for solid oxide fuel cells. 16, 56 The elemental chemical analysis by EDS of the observed crystallites has not been possible because their size is much smaller than the detection width ($1 lm) of the microanalysis probe. 57 Taking into account the above microstructural observations for the heat-treated glass ( Figure 13 ), it is considered that primary crystallization started at the surface of the glass particles with growth of acicular barium borate crystallites and then it was followed by the crystallization of more regular shaped barium silicate crystallites.
IV. CONCLUSIONS
The thermal behavior and crystallization kinetics of a glass with a composition 60BaO-30B 2 O 3 -10SiO 2 (mol. %) was investigated under non-isothermal conditions by DSC, XRD, and SEM. DSC curves exhibited an endothermic effect near glass transition and two overlapping crystallization exothermic peaks. XRD analysis indicated that the first exothermic peak corresponds to the crystallization of b-BaB 2 O 4 phase, whereas the second exothermic peak corresponds to the formation of Ba 5 crystalline phase needs lower activation energy as it is generated in a loose borate-rich glass network structure, while the barium silicate crystalline phase has to be formed in a more interlocked silicate glass network structure.
The values of the local activation energy for crystallization of b-BaB 2 O 4 decreased from $554 to $458 kJ mol , as the fraction of crystallization varied from 0.1 to 0.9. The Avrami exponent calculated for both exothermic peaks has the same value, n % 2. SEM observations indicated that surface crystallization with formation of acicular submicron crystallites was the dominant crystallization mechanism at 773 K, but when the sintering temperature of the glass increased to 833 K crystallization progressed from the surface towards the bulk with formation of more regular shape submicron crystallites. 
